
Scott Lillard1, Frank Gac2, Mike Paciotti2, Phil Ferguson3, Gordon Willcutt4,
Greg Chandler5, and Luke Daemen3

The Influence of High Energy Proton Irradiation on the Corrosion of Materials

Reference:  R.S. Lillard, F. Gac, M. Paciotti, P. Ferguson, G. Willcutt, G. Chandler, and
L.L. Daemen, "The Influence of High Energy Proton Irradiation on the Corrosion of
Materials", Effects of Radiation on Materials:20th International Symposium, ASTM STP
1405, S.T.Rosinski, M.L. Grossbeck, T.R. Allen, and A.S. Kumar, Eds., American
Society for Testing and Materials, West Conshonhocken, PA, 2000.

Abstract:  This paper presents a summary of our current efforts to characterize the real-
time corrosion rates of materials during 800 MeV proton radiation at currents up to 0.4
mA.  Specially  designed corrosion probes, which incorporated ceramic seals, were
mounted in flow tubes on a water manifold that allowed samples to be directly exposed to
the proton beam at the Los Alamos Neutron Science Center.  The water system that
supplied the manifold provided a means for controlling water chemistry, measuring
dissolved hydrogen concentration, and measuring the effects of water radiolysis and
water quality on corrosion rate.  Real-time corrosion rates during proton irradiation
increased with average proton beam current.  In addition, for any given material type, a
trend in corrosion rate with probe location relative to the beam centerline was observed.
These results are discussed within the context of particle type, particle flux, and energy
deposition.
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Spallation neutron source target/blanket cooling loops present a unique combination
of parameters that may effect the corrosion rates of metals, including high energy
protons, high and low energy neutrons, gamma radiation, and water radiolysis products.
In previous publications, Lillard and Butt have described a novel method for measuring
the corrosion rate of materials in spallation neutron sources[1, 2] .  Lillard measured the
real-time corrosion rate of Alloy 718 with electrochemical impedance spectroscopy (EIS)
during irradiation in an 800 MeV proton beam at the Los Alamos Neutron Science Center
(LANSCE).  In that work, the in-beam Alloy 718 samples were tested in a water system
that provided a means for controlling water chemistry, measuring dissolved hydrogen
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concentration, and measuring the effects of water radiolysis and water quality on
corrosion rate.  It was shown that the real-time polarization resistance of Alloy 718
decreased from 1.7x103 ohm·m2 in the absence of irradiation to 8.2 ohm·m2 during proton
irradiation at an average beam current of 0.4 mA[3].  Because the proton beam spot size
was smaller than the sample, two methods for determing corrosion rate from polarization
resistance were employed.  The first method assumed that the distribution of corrosion
was uniform across the entire probe surface.  With this assumption, the corrosion rate for
Alloy 718 was found to vary with average proton beam current from 0.041 µm/yr. at an
average current of 0.001 mA to 3.1 µm/yr. at an average current of 0.40 mA.  The second
method used proton flux as a criterion for determining the area of highest damage.  In the
proton flux distribution model of corrosion, for an average beam current of 0.4 mA the
corrosion rate for Alloy 718 on beam centerline (peak proton flux of 1.77x1018 p/m2 s)
was determined to be 60.9 µm/yr.  The foundation for this flux model was based on
thickness measurements from tungsten rods irradiated in a separate cooling water loop at
LANSCE.  In that work Sommer et al. found that the post irradiation thickness profiles of
W rods, irradiated at a beam current of 1.0 mA for approximately two months, were
Gaussian and corresponded to the Gaussian profile of the beam[4].  From these
observations of W corrosion during proton irradiation a Gaussian distribution model for
corrosion damage appeared to be justified.

Given the short irradiation time in the Lillard and Butt study (several months) and
the low corrosion rates of Alloy 718, physical verification of the proton flux model was
not possible (via post-irradiation thickness measurements of the probes).  To verify the
flux model, one would like to measure the real-time polarization resistance of a material
as a function of radial distance from the proton beam centerline for each average beam
current.  The corrosion rate at any given position should be proportional to the Gaussian
distribution proton current

o exp -r2

2 2 (1)

where r is the radial distance from the proton beam center, σ is the Gaussian distribution
of the flux and φo is given by

o
It

2 2 (2)

and It is the beam current[5].
In this paper, real-time corrosion rates as a function of average beam current and

radial position from the proton beam centerline were measured with EIS for several
engineering alloys proposed for spallation neutron target/blanket cooling loops.  The
probes used in this work were similar in design to those in previous studies.  The
corrosion data were analyzed within the context of particle flux (proton, neutron, and
photon), as well as particle energy deposition (thermal hydraulics).

Experimental

The In-beam Corrosion Loop

All experiments were conducted at the A6 Target Station of LANSCE.  A detailed
description as well as diagrams of the beam line at A6, the corrosion water loop, and
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Figure 1 - A perspective of the tube array irradiated during the FY '99 irradiation at the
LANSCE A6 target station from the front, top-down.  The path of the proton beam was
parallel to the X axis at Y=0.  Here we have defined the center of tube #36 as (0,0).  Each
numbered tube contained a corrosion probe.  Alloy 718: 33, 39, and 45; SS 316L: 35, 36,
38, and 40; Al6061: 42, 43, and 44.

probe design have been presented elsewhere[2].  Briefly, the corrosion water loop
consisted of a water pumping system that supplied a manifold, which held the  corrosion
samples in-beam and provided water cooling of the samples.  With the exception of the
individual corrosion samples, the system was fabricated entirely of type 304 stainless
steel (SS).  To measure real-time in-beam corrosion rates, it was necessary to isolate
electrically the corrosion samples from the stainless steel plumbing system.
Conventionally, this can be accomplished with metal-to-glass seals.  To overcome the
problems associated with metal-to-glass seals in a proton environment, a corrosion probe
that employed ceramic to metal seals was employed[1-3].  The only significant design
difference as compared to previous investigations was the configuration of the water
manifold.  In this investigation the water manifold (Fig. 1) consisted of fifteen, 15 cm
long by 1.73 cm inside diameter flow tubes arranged in close-packed arrays.  Each tube
contained either an in-beam corrosion probe that was 15.9 cm in length by 1.27 cm in
outside diameter or a flow restrictor (unnumbered tubes in Fig. 1).  With respect to water
flow, tubes 33-39 were in parallel with one another and in series with tubes 40-45 (which
were also in parallel with on another).  The manifold was welded to the bottom of a 3.4 m
supporting insert that not only supported the weight of the manifold but also provided the
necessary conduits for electrical and water connections.  Thermocouples attached to the
front of the manifold verified the position, size, and shape of the proton beam.



Sample Preparation and Water Quality

To provide a fresh metal surface for electrochemical characterization, all samples
were ground to 400 p SiC paper.  After grinding, the samples were degreased in an
ultrasonic bath of acetone.  Degreasing was followed by successive sonications in ethanol
and de-ionized water.  Prior to placing the probes in the water system, the interior of the
water system, which included all piping, tanks, and pumps, was rinsed with a mixture of
water and ethanol.  The water system was then filled with approximately 230 L of
deionized (DI) water, operated for several hours, and then flushed.  This DI rinse was
repeated three times before the final system fill with DI water.  The water resistivity
varied between 1 x106 ohm·cm (initial) and 8x104 ohm·cm (after several weeks of
operation).  Nominally, the system operated at an inlet water temperature between 18o C
(beam off) and 24o C (0.340 mA), a pressure of 1.02 MPa, and a total flow rate of 0.91
L/s.  This resulted in a flow rate of 0.13 L/s for the in-beam probes (tubes 33-39) and
0.11 L/s for the near-beam probes (tubes 40-45), and a water velocity of 1.21 m/s.  The
resulting Reynolds numbers for the in-beam and near-beam tubes were 6214 and 5434
respectively (calculated at 25o C).  In an attempt to mitigate the formation of water
radiolysis products such as H2O2 [6-9], the system was operated with a dissolved
hydrogen concentration of approximately 0.40 mole/m3.  This was accomplished by
continuously bubbling 6% H2 - 94% Ar gas into the system's reservoir tank.  A thorough
discussion of the effects of water radiolysis on corrosion and mitigation methodology has
been presented elsewhere[10].

Proton Beam Characteristics

The flux of the incident  proton beam had a Gaussian distribution of 2σ ≈ 3.5 cm.
The energy of this particle beam was 800 MeV.  The pulsed beam was characterized by a
gate length (macropulse), a macropulse repetition rate, and a fixed peak current (Table 1).
Average proton beam currents were controlled by varying the gate length as well as the
repetition rate.  Nominally, the average proton beam currents were varied between 0.01
and 0.4 mA.  Therefore, the irradiation source was a complex pulsed beam and each of its
components may play a disproportionate role in the measured corrosion rate. Thus, in
extrapolating these results, the beam characteristics must be considered.

Table 1  Proton beam parameters for corrosion data.

Average Current
(mA)

Peak Current
(mA)

Repetition
Rate (Hz)

Gate Length
(µs)

Duty Cycle
(milli-cycles)

0.010 16 3 200 0.600
0.036 16 10 200 2.00
0.10 16 10 625 6.25
0.34 16 36 625 21.6

Electrochemical Measurements   

EIS[11-14] was used to measure the polarization resistance of each sample as a
function of average beam current and irradiation time.  To maximize the signal-to-noise
ratio, measurements were conducted with a 30 mV peak-to-peak sinusoidal voltage



perturbation6 over the frequency range of 0.005 - 1000 Hz.  No applied dc potential was
employed; that is, all measurements were conducted at the open circuit potential (OCP).
To eliminate the effects of ground loops, a floating ground EIS system was used.  In these
measurements, the traditional three electrode set-up was used.  Here the 304 SS water
system acted as the counter electrode.  Because a traditional reference electrode was not
capable of withstanding the proton / neutron flux at the manifold, one of the in-beam
corrosion probes was used as a reference.

All electrochemical measurements were conducted while the proton beam was on.

Radiation Transport Calculations

In an attempt to correlate corrosion rate directly with particle flux, radiation
transport calculations, including energy deposition and particle flux calculations, were
completed using MCNPX.  MCNPX[15, 16] is the result of the merger of the Monte
Carlo transport codes LAHET[17] and MCNP[18]. MCNPX is a general particle
transport code that spans a broad range of particle energies, from sub-MeV to multi-GeV.
Charged particles, light ions, and high-energy neutrons use the physics modules of
LAHET to simulate particle transport and nuclear interactions.  As with MCNP,
transport and nuclear interactions of photons and low-energy neutrons use evaluated
nuclear data.  MCNPX can be used to model arbitrarily complex geometries and multiple
material compositions.  Uncertainties in MCNPX energy deposition calculations at 800
MeV for in-beam and near-beam samples are generally expected to be within 20% as
shown by Corzine, et al.[19, 20], and by Beard and Belyakov-Bodin [21].

Particle flux tallies were completed using the standard flux averaged over the
volume of a cell or the new mesh tally in MCNPX for neutral particles.  For charged
particles, fluxes were calculated on the surface of a cell.  Uncertainties in the particle
fluxes are more difficult to quantify.  Although the secondary particle source is probably
well predicted as evidenced by the work of Morgan, et al.[22], there may be errors in the
prediction of the angular distribution leading to increasing uncertainty in the calculated
particle fluxes as a function of distance from the proton beam centerline.  As a guide, an
uncertainty of approximately 20% can be assumed for the particle fluxes with larger
errors possible in the outer regions.  In general, the relative comparisons of the
calculations (one calculation vs. another) are more accurate than the absolute comparison
of a single calculation.

In addition to the surrounding A6 experiment region, the Monte Carlo model
included each probe, the surrounding water layer, and the outer SS 304 tube explicitly.
The corrosion probes were assumed to be hollow cylinders as opposed to modeling the
rounded ends.  Energy deposition calculations were performed along the probe in 1 cm
long cells to provide input for temperature calculations as a function of position to allow
an analysis of the axial heat flow.  In addition, detailed mesh tallies (~3 mm grid spacing)
were completed for multiple sections of the geometry with energy deposition separated
by particle type.  Particle flux tallies were also performed as detailed mesh tallies, as well
as averaged over the entire length of the probe.  The probe length averages are believed
to correspond better with the measurements because the measurements include effects
along the length of the probe.

Particle flux and the resulting energy deposition was also used to calculate probe
surface temperature (peak and average).  For each location, the probe and tube surface
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temperatures were determined using the local water temperature and material power
densities from the radiation transport calculations described above.  The probe water side
surface temperature was determined by adding the film temperature drop to the bulk
water temperature, where the film temperature drop was determined by dividing the heat
flux by the heat transfer coefficient.  The heat flux was caused by the power deposited in
the probe wall with the inside of the probe being adiabatic.  The surface temperature for
the inner side of the probe was determined by adding the temperature increase through
the probe wall to the outer surface temperature, where the temperature increase through
the wall was obtained from a conduction solution with internal heat generation in the
hollow cylindrical wall.  A similar calculation is done for the tube wall, except the heat
flux was removed from the inner surface and the outer surface was adiabatic.  These
calculations use one-dimensional assumptions in the radial direction.  A separate two-
dimensional calculation was done to determine the impact of axial conduction along the
probe, and it was shown to be very small.  A separate three-dimensional model was used
to calculate the temperatures of the thermocouples attached on the outside of the flow
tubes.  An approximation to this model was then incorporated in the spreadsheet model to
calculate the thermocouple temperatures along with the probe and tube wall surface
temperatures.

Results

Typical EIS data from a SS 316L in-beam corrosion probe are presented in Fig. 2 in the
form of Bode magnitude and phase plots (tube 35, 0.036 mA avg. beam current).  The
magnitude of the impedance has been normalized for area by multiplying |Z| by the total
sample area (approximately  6.34x10-3 m2).  To obtain polarization resistance (Rpol) from
the data, complex non-linear least squares (CNLS) fitting of the data was employed.  To
model the data several electrical equivalent circuits (EC) were used.  For SS 316L and
Al6061 the electrical equivalent circuit presented in Fig. 3 was used (Warburg model[23,
24]) while for Alloy 718 a simplified Randles circuit was used[3].  In the Warburg model
Rpol is the polarization resistance, Cdl is the capacitance associated with the double layer,
ZW is a diffusion (Warburg) impedance, and Rsol is the geometric solution resistance
between the sample and the water system.  A CNLS fit of the in-beam data to this EC is
also presented in Fig. 2.  As seen in this figure, good agreement between the model and
the data exists.

From Rpol the corrosion rate, CR in µm/yr., was determined from the well known
relationship[25]

CR
327.6 26/Rpol EW

(3)

where ρ is the density of the material in kg/m3, the units conversion constant 327.6 has
units of (kg·µm)/(m·mA·yr.), and EW is the equivalent weight (dimensionless).  The
constant 26  has units of mV and assumes Tafel slopes of 0.12 V/decade.  The error
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Figure 2 - Bode magnitude and phase plots for SS 316L in tube 35 during proton
irradiation at 0.036 mA.  The CNLS fit of the data to the Warburg model in Fig. 3 is also
presented.  For clarity, not all experimental data are shown.
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Figure 3 - Warburg equivalent circuit used to model the SS 316L EIS data.  Where: Rpol is
the polarization resistance, Rsol is the geometric solution resistance, Cdl is the double
layer capacitance, and ZW is a Warburg type impedance (diffusion impedance).



associated with this assumption is small and has been addressed elsewhere[13].  A plot of
uniform corrosion rate as a function of proton beam current is presented in Figs. 4a, 4b,
and 4c for Alloy 718, SS 316L, and Al6061 respectively.  These plots assume that
corrosion occurred uniformly across the entire sample surface.  Corrosion rate increased
as a function of average beam current for all materials.  By plotting the data on a log-log
scale these relationships can be expressed by[3]

log CR + log BC (4)

where BC is the average proton beam current in mA and α and β are constants and
depend on tube location and material type respectively.  For any single material β was
relatively independent of sample location where as α decreased with distance from the
beam centerline for any given material (Table 2).  Thus β appears to be related to
material type while α is related to sample location.

Table 2 -  Variables from curve fit analysis of Equation 4 to corrosion rate data and the
corresponding correlation coefficient (r).

tube # α β r
SS 316L: 35 0.99 0.97 0.998
36 1.2 0.95 0.998
38 1.1 0.92 0.999
40 0.48 0.76 0.987
Al6061: 42 1.1 1.4 0.999
43 0.98 1.4 0.989
44 0.35 1.2 0.979
718: 33 0.95 1.0 0.994
39 1.1 1.0 0.992
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Figure 4a - Corrosion rate as a function of average beam current for the SS 316L probes.
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Figure 4b - Corrosion rate as a function of average beam current for the Alloy 718
probes at the beam centerline.
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Figure 4c - Corrosion rate as a function of beam current for the Al6061 probes.

Discussion

Although the plots in Figs. 4a to 4c assume uniform corrosion across the entire
sample surface, this assumption may not be valid as analysis of these figures reveals
several trends in corrosion rate with probe location.  The most notable trends with
position were observed in the SS 316L data where corrosion rate increased in the order
(by tube number) 40 < 35 < 38 < 36.  It is apparent that the trend in corrosion rate with
sample location is not a simple function of radial distance from the beam as predicted by
Eq. 1 and previously modeled[3].  For example, although tubes 35 and 38 are equidistant
from the beam centerline (tube 36) the corrosion rate of SS 316L sample in tube 38 was
consistently greater than the corrosion rate of the sample in tube 35.  Several potential
explanations for the observed differences in corrosion rate between sample location
include changes in the passive film and charging at the double layer (the solution/metal
interface) owing to interactions with ionizing radiation, water radiolysis, and temperature.
To evaluate these mechanisms, a thorough analysis of particle flux from radiation
transport calculations, and energy deposition (as it relates to sample temperature) was
necessary.

Sample results from the radiation transport calculations are presented in Table 3 for
the SS 316L specimens.  A direct correlation between both neutron and photon flux with
corrosion rate was observed.  For neutrons and photons, the flux increased in the order
(by tube number) 40 < 35 < 38 < 36.  In comparison, the SS 316 L corrosion rate also
increased in the order 40 < 35 < 38 < 36.  However, as seen in Table 3 proton flux did not
predict the relationship between corrosion rate and sample location.  Other differences
between protons and neutrons and photons also exist.  For example, the ratio of the
maximum to minimum proton flux was 21 (tube 36 : tube 40), while the maximum to



Table 3 - Results from radiation transport calculations for tubes containing SS 316L
samples.  Flux was averaged over the tube length and summed for all particle energies.

tube # proton flux
p/m2·s·mA

neutron flux
n/m2·p

photon flux
g/m2·p

35 72.7 38.0 35.2
36 127 52.7 46.2
38 70.9 43.8 37.3
40 6.0 13.5 13.2

minimum photon flux was 3.5.  The ratio of the maximum to minimum corrosion rate for
SS 316L was 4.3 (tube 36 : tube 40; 0.34 mA beam current).  Currently, we are
examining these relationships between particle flux and corrosion rate for all sample
materials and probe locations.  In addition, we are also evaluating energy deposition by
particle type both in the sample and the water annulus surrounding the sample as
potential explanations for the observed changes in corrosion rate with location and beam
current.

Sample results from the thermal hydraulic calculations are presented in Table 4 for
SS 316L.  Similar trends in measured and calculated TC readings were observed,
however, the calculated temperatures were consistently higher than the measured values.
This difference likely owed to assumptions made in the modeling of the TC/tube braze.
The model assumed that the braze was uniform along the TC shield to the tip of the TC.
In practice, the brazes extended beyond the tip and gaps existed between the shield and
tube where the braze did not wet.  Calculated peak probe water-side surface temperatures
were as high as 112° C for the probe on beam centerline for the maximum beam current.
At the minimum beam current (0.01 mA) the temperature of this probe was close to water
temperature.  The measured and calculated temperature trends increased in the same
order as proton flux 40 < 38 < 35 < 36.  This is not surprising as the relative probe
temperatures reflect the differences in total energy deposition which is dominated by
proton flux. However, the trend in temperature did not correlate with the measured trends
in corrosion rate for SS 316L.  In addition, for passive metals the increase in corrosion
rate as a function of temperature below 100oC is small (closed systems).  For example,
for Alloy 718, it has been shown that a 50oC increase in sample temperature produced a
33% increase in corrosion rate[3]. Although the change in corrosion rate due to an
increase in temperature is small relative to the changes in corrosion rate measured during
proton irradiation, the measured corrosion rate must be considered as the sum of the
increase due to changes in materials properties (oxide film and double layer changes) as
well as temperature.

Table 4 - Thermocouple (TC) and probe temperatures calculated at a beam current 0.342
mA (SS 316L only, water-side, peak temp).  Actual TC temperatures measured at a beam
current of 0.34 mA are also presented.

tube # TC, Measured
oC

TC, Calculated
oC

Calculated Probe
Temperature, oC

35 48.1 64.2 81.7
36 66.9 94.6 112.2
38 53.4 63.9 79.2
40 33.8 30.8 28.9



Conclusions

Corrosion rate increased with average proton beam current for all materials
examined consistent with previous studies on Alloy 718 during proton irradiation.  Fitting
of the data to a log - log relationship gave a slope that was related to material type and
intercept that was proportional to sample location relative to the beam centerline.
Transport calculations revealed that the flux of neutrons and/or photons appears to
correlate with corrosion rate.  Proton flux data from these results did not predict the
observed trend in corrosion rate as a function of sample location.  Further, the ratio of
maximum to minimum proton flux was much larger than the ratio of maximum to
minimum corrosion rate.  Probe surface temperature calculations based on total energy
deposition did not predict the observed trend in corrosion rate as a function of sample
location.  However, it was concluded that the observed trends in corrosion rate with beam
current had a component that was related to sample temperature.
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